Background: Akkermansia muciniphila is a mucin-degrading bacterium found in the gut of most 23
A total of 334.9 Gbp of metagenomic sequence data was obtained from 70 children aged 82 2-9 years. Using SPAdes [15] to assemble contigs and MetaBAT [16] to bin contigs, we 83 recovered 35 high quality metagenome assembled genomes (MAGs) of human associated 84 Akkermansia (Table 1) contamination of the MAGs were low with all < 1%. On average, each MAG was 2.87 Mbp in 87 length and contained approximately 2,420 protein-coding genes. 88
To explore the genomic diversity of human associated Akkermansia, we performed a 89 pangenomic analysis using tools in anvi 'o [17, 18] . These analyses included the closed genome 90 amplicons from CSUN-17 against A. glycaniphila ERS 1290231 and Desulfovibrio vulgaris str. 159
Hildenborough confirmed the identity of these gene fragments (Supplemental Table 2 ) clearly 160 demonstrating the presence of select cbi genes in the AmII phylogroup. 161
It is known that many fermentative bacteria including A. muciniphila Muc T , use vitamin 162 B12 to activate methylmalonyl-CoA synthase to convert succinate to propionate [29, 30] . 163 Therefore, to demonstrate vitamin B12 biosynthesis in vitro, we quantified the production of 164 succinate and propionate (and acetate) in the presence and absence of vitamin B12 in mucin 165 medium ( Figure 3 ). Our predictions were that the AmI phylogroup (represented by A. 166 muciniphila Muc T ) would produce acetate and succinate in the absence of vitamin B12, and 167 acetate and propionate when B12 was present. For AmII, we predicted that acetate and 168
propionate would be produced regardless of whether the culture medium was supplemented with 169 vitamin B12. Results show that the AmI isolate produced propionate in a vitamin B12 170 concentration-dependent manner ( Figure 3B ,C). Also as expected, the CSUN-17 isolate (AmII), 171 produced significant amounts of acetate and propionate in the absence and presence of vitamin 172 B12, but production was more rapid with supplementation ( Figure 3D A. muciniphila is a common gut bacterium highly regarded as beneficial member of the 178 human gut microbiome with important probiotic potential [10, 31] . Various studies have 179 described positive associations between the abundance of Akkermansia and intestinal health [3, 180 4] . For example, A. muciniphila affects glucose metabolism, intestinal immunity, and its 181 abundance in the gastrointestinal tract (GIT) is inversely correlated with diseases including 182
Crohn's disease, ulcerative colitis, and acute appendicitis [32] [33] [34] [35] . Although a number of 16S 183 rRNA gene variants have been observed [12] and dozens of isolates have been obtained [14] , 184 human-associated Akkermansia have largely been thought of as a single species and the 185 functional potential beyond mucin degradation has gone largely unexplored. Here, we 186 demonstrate that there are significant genomic and physiological differences amongst the human 187 associated Akkermansia. Through comparative genomic analysis, we identified four phylogroups 188 of human-associated Akkermansia, expanding the known genomic diversity of this lineage. 189
Although all 16S rRNA gene sequenced examined here and elsewhere [32] are >97% identical, 190 using an ANI of 95% across genomes as a species level delineation [36, 37] Cobalamin produced by bacteria and archaea in the large intestine is not readily available 219 to the human host for two main reasons [38] . First, the receptors responsible for cobalamin 220 absorption are found in the small intestine, which is not as densely colonized by bacteria as the 221 large intestine in times of health. Second, although bacteria produce many different types of 222 cobalamin, their contribution to the available pool of cobalamin is small because many of the 223 forms produced by bacteria are not recognized by human receptors. Here we carried out a pangenomic analysis of 75 Akkermansia genomes and identified at 265 least four species-level phylogroups (AmI-AmIV) with differing functional potentials. However, 266 a polyphasic taxonomic characterization that includes robust phenotypic and genomic analyses is 267 needed to verify species designations. Quantification of SCFA by select strains in the presence 268 and absence of vitamin B12 supplementation demonstrated cobalamin biosynthesis by AmII 269 strains. This work alters our understanding of how Akkermansia interacts with its human host 270 and other members of the human gut microbiome in its unique environment. Future work will 271 focus on other genomic similarities and differences identified in our analysis, but also continue 272 to explore vitamin B12 production and acquisition using our culture collection. We are also 273 continuing to isolate novel strains from healthy adults attempting to obtain representatives of 274 each phylogroup observed or others that have yet to be observed. 275
276

METHODS 277
278
METAGENOMIC STUDIES 279 280
Recruitment and Sampling 281
Samples used for metagenomic sequencing were obtained from healthy children aged 2-9 282 years as described elsewhere (Herman et al., in review) . These participants were consented under 283 protocol #1314-223 approved by the Institutional Review Board (IRB) at California State 284
University, Northridge (CSUN). Supplemental Data 2 provides unidentifiable demographic 285
information of each child included in this study. 286
287
DNA extraction, Library prep, sequencing 288
Parents collected fecal samples in the privacy of their homes using sterile, double-tipped 289 swabs by swabbing toilet paper (or diapers) after use. Samples were then frozen at -20 °C within 290 24 hrs of collection, and transported on blue ice to the lab (<30 min transit), where they were 291 stored at -80 °C. This protocol is minimally invasive and has been successfully used in many 292 similar, community-based research projects [48] [49] [50] . 293 DNA was extracted from approximately ~0.1g of collected samples using the MOBIO 294
Power Soil  , DNA Isolation kit following a modified extraction protocol [51] . Extracts were 295 then quantified using a Qubit 2.0 with high sensitivity reagents, and 100ng of DNA from each 296 sample was sheared into 300bp fragments using a Covaris M220 [52] . The NEBNext® 297 and paired sequences were assembled using the default parameters for metagenomes in SPAdes 311
[15]. Resulting contigs > 2 Kbp were binned used MetaBAT [16] with default parameters and the 312 taxonomy and completeness of bins were verified using the taxonomy workflow of CheckM [57] 313 against the Verrucomicrobia phylum. We determined that bins confidently identified as 314 'k_Bacteria (UID2982)' were Akkermansia and evaluated the quality of those bins further using 315
MiGA [58] . Assembled contigs (>2kb) from each child with a high quality Akkermansia bin 316 were submitted to IMG-M where they were annotated using their workflow [24] . Both IMG and 317
Geneious 7.1.3 (https://www.geneious.com) were used to manually inspect annotations of 318 interest. Vitamin B12 associated genes were detected by searching for annotations from Enzyme 319 Commission (EC) numbers, IMG terms, pfam, and Clusters of Orthologous Groups (COG) [24, 320 59, 60] . The annotations included those used by Shelton et al. [27] and Degnan et al. [39] . 321 322
Pangenome analysis 323
To explore the Akkermansia pangenome, we combined our 35 MAGs with 40 other 324 publically available genomes in anvi'o [17, 18] . Assembled fasta files were first converted to 325 'db' files using the 'anvi-script-FASTA-to-contigs-db' command that uses Prodigal [61] to call 326 open reading frames. Each 'db' file was then annotated against the COG database [62] using 327 'anvi-run-ncbi-cogs' with the '--use-ncbi-blast' flag. After generating the genome storage file 328
with 'anvi-gen-genomes-storage,' the 'anvi-pan-genome' command was run with the identical 329 parameters (--num-threads 12, --minbit 0.5, --mcl-inflation 10, --use-ncbi-blast) outlined in 330
Delmont and Eren [17, 63, 64] . The pangenome was visualized and aesthetics were modified 331 using the 'anvi-display-pan' command. To calculate average nucleotide identity (ANI) in anvi'o, 332 the 'anvi-compute-ani' command, which utilizes PyANI [19] , was used. To identify functions 333 (i.e. COG annotations) that were differentially distributed amongst the phylogroups, we used the 334 'anvi-get-enriched-functions-per-pan-group' with phylogroups (AmI-AmIV) as the category. 335
336
CULTIVATION STUDIES 337 338
Recruitment and Sampling 339
Fecal samples used in culturing of Akkermansia isolates were obtained from healthy 340 adults using swabs as previously described [49] under IRB protocol #1516-146. Collected 341 samples were refrigerated (4 °C) and transferred to culture medium (see below) within 24-hours 342 of collection. 343 344 Enrichment, isolation, genomic DNA extraction, and 16S rRNA gene sequencing 345
Anaerobic mucin medium was modified slightly from Derrien et al. [13] and contained (l -346 1 ) 0.4 g KH2PO4, 0.53 g Na2HPO4, 0.3 g NH4Cl, 0.3 g NaCl, 0.1 g MgCl2
. 6H2O , 0.4 g NaHCO3, 347
1 mg resazurin, and 10 ml trace mineral solution as described by Ferguson and Mah [65] . pH of 348 the medium was adjusted to 6. All incubations were performed at 37 °C in the Bactron IV anaerobic chamber. 363
Enrichments cultures targeting mucin-degrading bacteria were initiated by transferring 364 fecal swabs into 5ml of anaerobic mucin medium in serum tubes and performing ten-fold serial 365 dilutions up the 10 -7 . Cultures were incubated for up to 5 days, monitored daily for changes in 366 turbidity, and inspected using phase-contrast microscopy (Zeiss Axioskop). Positive cultures 367 with oval cells in pairs were further diluted in broth medium and/or transferred to solid medium 368 until purity could be verified microscopically and by sequencing of the 16S rRNA gene. For 369 sequencing, genomic DNA was isolated using the MoBio Ultraclean Microbial DNA Isolation 370
Kit (Mo Bio, Carlsbad, CA) following the manufacturer's instructions. Briefly, 1.8 mL of 371 overnight bacterial culture was centrifuged at 10,000 x g for 30 seconds, the pellet was 372 resuspended in 300 μL of MicroBead Solution (Mo Bio, Carlsbad, CA), and the DNA was 373 subsequently isolated following the manufacturer's instructions. For amplification of the 16S 374 rRNA gene via PCR, 2 μL of extracted genomic DNA was added to 25 μL of GoTaq Green 375
Master Mix (Promega, Madison, WI) and 1 μL of 10 μM universal primers 8F (5'-376 AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-TACGGTTACCTTGTTACGA-3') using a 377 50 μL final PCR reaction volume. PCR was conducted using an Eppendorf Mastercycler Pro S 378 96 well thermocycler using a program of an initial denaturation at 95°C for 3 min, followed by 379 30 cycles of 95°C for 45 sec, annealing at 45°C for 1 min, 72°C for 1 min, a final extension of 380 72°C for 7 min, and holding at 4°C. PCR reactions were purified using the QIAquick PCR 381 Purification Kit (Qiagen). Initial sequencing of the 16S rRNA gene was performed using either 382 the 8F or 1492R primer on an ABI Prism 3730 DNA sequencer (Laragen Sequencing and 383
Genotyping in Culver City, CA). If cultures were pure and positively BLASTed to A. 384 muciniphila, the near full length 16S rRNA gene was sequenced with additional primers (515F 385 (GTGCCAGCMGCCGCGGTAA), 806R (GGACTACHVGGGTWTCTAAT), and 8F or 386 1492R). Sequences associated with each isolate were then assembled in Geneious 7. were < 1000 bp were discarded. Similarly, 16S rRNA gene sequences of our novel isolates were 396 imported and aligned in ARB. A custom alignment mask excluding nucleotide positions found in 397 less than half of all isolates was generated and masked alignments were imported into MEGA7 398
[66] where phylogenetic reconstruction was generated using the maximum-likelihood approach. 399
Because we knew the affiliation of the Guo et al [14] isolates, we were able to place our isolates 400 in this framework based on placement in the 16S rRNA gene tree. 401
402
Corrin biosynthesis PCR screen of isolates and gene sequencing 403
To amplify conserved regions of corrin biosynthesis associated genes, degenerate primers 404 were designed (Supplemental Table 1 ). Select corrin biosynthesis associated homologous 405 sequences were aligned using BioEdit Sequence Alignment Editor Version 7.0.5 406 (http://www.mbio.ncsu.edu/BioEdit/page2.html) (locus tags of sequences used in the 407 alignments are shown in Supplemental and cbiFGH, 1uL of genomic DNA was added to 12.5 μL of GoTaq Green Master Mix 411 (Promega, Madison, WI) and 1 μL of each 10 μM primer using a 25 μL final PCR reaction 412 volume. PCR conditions were optimized, and a PCR screen of isolates was carried out in 413 duplicates using a PCR program of an initial denaturation at 95°C for 2 min, followed by 25-35 414 cycles of 95°C for 45 sec, annealing at 52°C to 62°C for 30 sec to 1 min, 72°C for 45 sec, a final 415 extension of 72°C for 5 min, and holding at 4°C. PCR amplicons were separated and visualized 416 using 1% agarose gel. PCR products were purified using the QIAquick PCR Purification Kit 417 (Qiagen). For the amplification of cbiFGH, the amplicon was excised out of the gel and gel 418 purified using the PureLink Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen). 419
The amplicons were sequenced as described above. BioEdit Version 7.0.5 was used to analyze 420 the sequences. Sequences of PCR amplicons from CSUN-17 were checked by blastx using the 421 IMG and the NCBI database to examine similarity to vitamin B12 associated genes from the 422 genomes A. glycaniphila ERS 1290231 and Desulfovibrio vulgaris str. Hildenborough 423 (Supplemental Table 2 ). 424
425
Quantification of short chain fatty acids via HPLC 426
To quantify production of short-chain fatty acids with and without vitamin 427 supplementation A. muciniphila Muc T (AmI) and CSUN-17 (AmII) were grown in anaerobic 428 mucin medium supplemented with 1mM L-threonine, 10 g/L tryptone (Oxoid), 1% purified 429 mucin and vitamin supplementation depending on treatment conditions. For vitamin 430 supplementation, we first performed the experiment using the ATCC MD-VS at the 431 recommended concentration (10 ml/L). Because the concentration of vitamin B12 in the 432 formulation is 100 fold less than those reported by Belzer et al. [29] , we subsequently performed 433 a second experiment with pure vitamin B12 (Sigma-Aldrich, St. Louis, MO) using a final 434 concentration of 100 ng/ml. For all experiments, overnight cultures were transferred in 435 appropriate medium 3 times with the final transfer used to inoculate 25ml of medium at 5% in 436 quadruplicate for each isolate and treatment. OD600nm (Eppendorf BioPhotometer plus) was 437 recorded at inoculation and at 12, 16, and 20 hours. An additional 1.25 ml of culture was 438 removed at each time point, centrifuged at 15,000 x g for 10 minutes, and the cell-free 439 supernatant was filtered through a 13mm, 0.2μm SPARTAN HPLC syringe filter. Samples were 440 stored at -20°C until HPLC analysis. 441
High-performance liquid chromatography (HPLC) was performed using a Waters Breeze 442 2 system (Waters Corp., Milford, MA, USA) equipped with a refractive index detector (model 443 2414). An Aminex HPX-87H column (Bio-Rad Laboratories) was used to measure production of 444 short chain fatty acids (SCFA). Sulfuric acid (5mM) was used as the mobile phase at a flow rate 445 of 0.6 mL/min. Peak areas and retention times were compared against known standards. Samples 446
were also compared against a media-only control to determine background levels of acetate, 447
propionate, and succinate present in the starting medium before growth. Approximately 3mM 448 propionate was detected in the culture medium and subtracted from all respective measurements. 449
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